This work presents experimental measurements of the 2 3 P 2 → 1 1 S 0 and 2 3 P 0 → 1 1 S 0 transition rates for helium. It completes the determination of the decay rates to the ground state from the 2 3 P manifold and also completes the 2 3 P 2 decay rates for the metastable rare-gas series. The rate of photon emission from the 2 3 P 2 and 2 3 P 0 states to the 1 1 S 0 ground state is measured relative to the emission rate from the 2 3 P 1 → 1 1 S 0 transition, which we have determined previously for the first time. Experimental tests of quantum electrodynamics ͑QED͒ have focused on the precision measurement of key atomic parameters. These include atomic energy level intervals and transition rates, both of which require a complete relativistic treatment of the atom-light field Hamiltonian. High resolution experimental studies of the 2 3 P fine structure intervals in helium have shown that differences of several standard deviations exist between experiment ͓1-3͔ and the most recent QED theory ͓4͔.
This work presents experimental measurements of the 2 3 P 2 → 1 1 S 0 and 2 3 P 0 → 1 1 S 0 transition rates for helium. It completes the determination of the decay rates to the ground state from the 2 3 P manifold and also completes the 2 3 P 2 decay rates for the metastable rare-gas series. The rate of photon emission from the 2 3 P 2 and 2 3 P 0 states to the 1 1 S 0 ground state is measured relative to the emission rate from the 2 3 P 1 → 1 1 S 0 transition, which we have determined previously for the first time. The value for the 2 3 P 2 → 1 1 S 0 transition is 0.324Ϯ 0.016 s −1 . An upper bound of ϳ0.01 s −1 is placed on the emission rate for the 2 3 P 0 → 1 1 S 0 transition, which is predicted to be strictly forbidden. Along with our previous measurement of the 2 3 S 1 lifetime, the 2 3 P manifold decay rates are in excellent agreement with current quantum-electrodynamic theory.
DOI: 10.1103/PhysRevA.80. 044501 PACS number͑s͒: 32.30.Ϫr, 12.20.Fv, 32.70.Cs, 42.50.Xa Experimental tests of quantum electrodynamics ͑QED͒ have focused on the precision measurement of key atomic parameters. These include atomic energy level intervals and transition rates, both of which require a complete relativistic treatment of the atom-light field Hamiltonian. High resolution experimental studies of the 2 3 P fine structure intervals in helium have shown that differences of several standard deviations exist between experiment ͓1-3͔ and the most recent QED theory ͓4͔.
Until the present work, there has been no comparable study of the transition rates from the 2 3 P manifold to the He ground-state ͑Fig. 1͒. As the fine structure interval studies show, it is important to perform a complete study over the entire manifold in order to test QED predictions. Further, this work completes the series of rare-gas 2 3 P 2 lifetimes for Ne ͓5͔, Ar ͓6͔, Kr ͓6,7͔, and Xe ͓8͔.
We present here the final in a series of three separate experiments aimed at determining the transition rates from the metastable helium 2 3 S 1 state ͑He ‫ء‬ ͒ and from the 2 3 P manifold to the ground state. Each measurement requires a different experimental technique that is optimized to account for the vastly differing transition rates ͑covering six orders of magnitude͒ and to benchmark the measured values against a known reference.
The reference used is our first determination of the 2 3 P 1 → 1 1 S 0 transition rate ͓9͔. Since this is the most rapid of all these transitions ͑ϳ180 s −1 ͒, it is possible to measure directly the decay loss ͑to the ground state͒ of the 2 3 P 1 population created by 1083 nm excitation of He ‫ء‬ atoms released from a magneto-optic trap ͑MOT͒. The excited state fraction was determined by measuring the simultaneous 1083 nm fluorescence, calibrated against the corresponding signal when the transition was completely saturated. The measured rate was 177Ϯ 8 s −1 ͓9͔, in excellent agreement with QED predictions.
By contrast, the He ‫ء‬ decay rate is by definition extremely slow ͑ϳ10 −4 s −1 ͒ yielding the longest state lifetime ͑ϳ8000 s͒ yet measured for any neutral atomic species. Therefore, the atomic population decay cannot be measured directly over atom trapping times of order seconds. Consequently we measured the relative extreme ultra violet ͑xuv͒ photon emission rate between the He ‫ء‬ decay and the 2 3 P 1 → 1 1 S 0 transition whose rate was determined previously ͓9͔.
The new He
‫ء‬ state lifetime ͑7870Ϯ 510 s͒ is in excellent agreement with QED predictions and improves on the uncertainty in the only previous experiment by a factor of ϳ5 ͓10͔.
Neither the 2 3 P 2 → 1 1 S 0 nor the 2 3 P 0 → 1 1 S 0 transition rate has been measured. The 2 3 P 0 → 1 1 S 0 transition is theoretically forbidden to all orders of the multipole expansion since it involves no change in the total quantum number J = 0. The 2 3 P 2 → 1 1 S 0 transition rate is predicted to be ϳ0.3 s −1 , midway between the two transition rates we measured previously. However, unlike the 2 3 P 1 → 1 1 S 0 transition rate, it is difficult to measure directly via atom loss rates from trapped He ‫ء‬ atoms excited to the 2 3 P 2 state since the trap lifetime is of similar time scale.
Consequently, we perform a relative measurement of the xuv emission rate, again using the 2 3 P 1 → 1 1 S 0 transition as a benchmark. However, unlike the determination of the He order to remove any possible excitation to the 2 3 P manifold via optical pumping, the relative decay rates are measured here using a simple MOT.
Population of the 2 3 P manifold from the He ‫ء‬ state is achieved by 1083 nm laser excitation ͑Fig. 1͒, the wavelength employed for 2 3 S 1 → 2 3 P 2 laser cooling and trapping transition used in atom optics ͓11͔. The lifetimes of the 2 3 P states are dominated by fast ͑ϳ100 ns͒ transitions back to the 2 3 S 1 level. The much slower 2 3 P 2 → 1 1 S 0 transition occurs via single-photon magnetic quadrupole ͑M2͒ radiation, whereas electric dipole ͑E1͒ decay occurs for the 2 3 P 1 → 1 1 S 0 transition. The first calculations of the 2 3 P 2 → 1 1 S 0 transition rate were performed by Mizushima ͓12͔ ͑1. Fig. 2͑a͒ ͑the value from ͓12͔ is off scale͒.
However, an experimental measurement has proved elusive until the present work. Indeed there are no published results in the open literature in contrast to other members of the helium isoelectronic sequence for this transition ͓Fig. 2͑b͔͒.
A number of experimental challenges make the He transition difficult to measure, not the least being the slow transition rate ͑ϳ0.327 s −1 ͒ compared with other species in the sequence. The decay from the He 2 3 P 2 state is dominated by transitions to the 2 3 S 1 state ͑at a rate seven orders of magnitude higher than the decay to ground state͒, making direct measurement of the 2 3 P 2 → 1 1 S 0 contribution to the 2 3 P 2 population decay virtually impossible. Further, atoms in the He triplet manifold are typically created in discharge plasmas where a multitude of states is populated, so transitions with low probability are even harder to isolate from background noise contributions.
The advent of laser cooling and trapping techniques has facilitated precise manipulation and confinement of atoms in specific states, which makes such measurements more accessible. However, the only previous attempt to use a lasercooled atomic beam to measure the transition rate was unsuccessful due to difficulties in providing an absolute calibration benchmark and in determining the quantization axis of the radiating atoms ͓20͔.
The experiment reported here overcomes these difficulties by a combination of techniques. He ‫ء‬ atoms are confined in a MOT within an ultrahigh vacuum chamber ͑ϳ10 −10 torr͒, thereby creating an isolated ensemble with only one populated state ͑2 3 S 1 ͒. We then use a narrowband 1083 nm laser to selectively populate one state in the 2 3 P manifold for which we determine the population fraction. The 58.4 nm xuv photon decay rate to the ground state is then measured and compared to the decay rate for the 2 3 P 1 → 1 1 S 0 transition which we measured previously to an absolute value of 4.4% ͓9͔. This makes the present measurement a relative one and eliminates the need for an absolute knowledge of many of the experimental parameters, thereby reducing the uncertainty.
He ‫ء‬ atoms are created via electron collision in a dc discharge source ͓21͔ and loaded into the MOT using a twodimensional optical collimation stage and a Zeeman slower. The MOT is loaded for 800 ms allowing ϳ5 ϫ 10 8 atoms to be captured. A rotating metal valve is then closed to block unwanted background atoms from the atomic beam source, especially those created in the 2 1 S 1 state ͑lifetime ϳ0.19 ms͒ which would also contribute xuv photons via decay to the ground state.
The MOT holds the He ‫ء‬ atoms for 50 ms, while untrapped atoms are removed to reduce the background pressure. We rapidly compress the MOT to maximize the solid angle subtended at the detector by simultaneously ramping up the current in the MOT field coils while sweeping the frequency of the MOT beams closer to resonance and reducing the MOT laser intensity. Two back-to-back compression ramps of 4 FIG. 2. ͑Color online͒ ͑a͒ Historical progress of theoretical predictions ͑references shown͒ for the 2 3 P 2 → 1 1 S 0 decay rate along with our experimental determination and associated uncertainty. Estimated uncertainties for the theoretical results are smaller than the data points. ͑b͒ Ratio of the experimental to the most recent theoretical calculation for the 2 3 P 2 → 1 1 S 0 decay rates for the heliumlike isoelectronic sequence. Adapted from ͓18͔: He Z = 2, present work. and 8 ms are adjusted empirically to reduce the temperature of the trapped atoms to ϳ200 K while minimizing the number of atoms lost during the process.
The He ‫ء‬ atoms are held in the compressed MOT for 40 ms. After this period, two-body losses via Penning ionization have reduced the atom density so that He ‫ء‬ -He ‫ء‬ Penning ionization is no longer the dominant loss mechanism. The MOT decay is then dominated by He ‫ء‬ single-body collisions with background gas, which can be approximated by a simple exponential function. We are able to observe the transition between the two regimes by monitoring the 2 3 P 2 → 1 1 S 0 xuv photon flux at the detector. The xuv photon flux is then recorded in the single-body regime for 50 ms using 5 ms time bins, as shown in Fig. 3͑a͒ , and corrected for the background collision loss. It should be noted that the single-body collisional decay time ͑ϳ0.06 s͒ dominates the trap loss rather than xuv photon decay from the 2 3 P 2 state ͑lifetime ϳ3 s͒ particularly since Ͻ50% of the atoms are excited to this state.
Likewise, because the 2 3 P 2 → 1 1 S 0 decay rate is more than three orders of magnitude greater than the He ‫ء‬ decay rate, the former dominates the xuv photon flux while the MOT is on. However, the channeltron will record false counts if struck by stray electrons, ions, or He ‫ء‬ atoms. It is therefore shielded by two ϳ150-nm-thick aluminum foils positioned directly in front to only allow the transmission of xuv photons Ͻ80 nm ͓10͔.
Following measurement of the xuv photon flux from the trapped atoms in the 2 3 P 2 state, the MOT beams and the magnetic field are switched off. A second laser locked to the 2 3 S 1 → 2 3 P 1 transition is then pulsed on 500 s later and saturates the transition. The ϳ50% excited 2 3 P 1 population fraction produces a large increase in the xuv photon flux due to the 2 3 P 1 → 1 1 S 0 transition ͑decay rate ϳ180 s −1 ͒. To maximize the saturation and to minimize mechanical forces on the irradiated atoms the on-resonance laser is retroreflected. The beam diameter is sufficiently large that the atomic cloud sees an approximately uniform intensity distribution equivalent to ϳ460 times the saturation intensity.
The ratio of 2 3 P 1 → 1 1 S 0 to 2 3 P 2 → 1 1 S 0 xuv photon flux is proportional to the ratio of the product of the state population and the respective transition rate. In order to determine the relative state populations, an InGaAs photodiode is used to monitor the 1083 nm fluorescence rates ͓Fig. 3͑b͔͒, which are proportional to the excited state population since the 1083 nm decay rates are the same ͑ϳ10 −7 s͒. In this way the excited state populations need not be known absolutely.
Data are recorded from 16 000 experimental sequences ͑a complete cycle takes 1.5 s͒, yielding a statistical uncertainty of 1.3%. The major contribution to the error budget ͑Table I͒ is the previously measured 2 3 P 1 → 1 1 S 0 transition rate, with an uncertainty of 4.4% ͓9͔. A contribution to the error budget of Ͻ1% comes from the statistical uncertainty in the measurement of the detector linearity.
A similar contribution comes from uncertainty in the preferred quantization direction of the radiating atoms. For the atoms in the 2 3 P 2 state, because of the MOT magnetic field symmetry the atoms are unpolarized on average over the trap volume. For the 2 3 P 1 state, there was no variation within the statistical noise for untrapped atoms illuminated by the excitation beam when the local magnetic field was varied over several Gauss.
Contributions from the excitation of adjacent 2 3 P levels by laser light tuned to the level of interest were negligible, as were contributions due to black body radiation. An uncer- FIG. 3 . ͑Color online͒ ͑a͒ Channeltron signal for the 2 3 P 2 xuv photon decay flux recorded while atoms are held in the compressed MOT ͑blue data points and dashed black fitted exponential curve͒, followed by the large xuv peak when the P1 beam is pulsed on ͑solid red line͒. Note the change in scale due to more than three orders of magnitude difference in transition rates. ͑b͒ Photodiode signal for the corresponding 1083 nm fluorescence ͑dashed blue for signal from MOT and solid red for P1 laser pulse͒. All data averaged over 16 000 experimental cycles. The same technique was used to investigate the 2 3 P 0 → 1 1 S 0 transition, which is forbidden theoretically to all orders in the multipolar expansion. We are able to place an upper limit on the transition rate by locking our excitation laser to the 2 3 S 1 → 2 3 P 0 transition and repeating the method described above. The absence of any detectable xuv signal above the dark count rate of our detection system yields an upper bound on the 2 3 P 0 → 1 1 S 0 transition rate of ϳ0.01 s −1 .
Together with our previous measurement of the 2 3 P 1 → 1 1 S 0 transition rate ͓9͔, this work completes the measurement of the decay rates from the helium 2 3 P manifold to the ground state. Along with the measurement of the He ‫ء‬ state lifetime ͓10͔, we have now determined the decay rates to the ground state for the first four excited triplet states of helium. All of our experimental measurements are in excellent agreement ͑Ͻ1%͒ with the most recent QED theoretical predictions ͓19͔, providing support for the accuracy of the 2 3 P 1 decay rate ͑4.4%͒ used to calibrate the other transitions.
The next set of excited states-the 3 3 P manifold-has yet to be tackled theoretically. These states are accessible using 389 nm laser radiation from the metastable 2 3 S 1 state and are the subject of future work. This prospect provides renewed motivation for theoretical QED calculations of the decay to the helium ground state from higher lying triplet manifolds.
